Abstract. In the present paper we describe an experiment performed on the reaction 238 U + 4 He (40 MeV) using a two-arm TOF-E (time-of-flight vs. energy) spectrometer with micro-channel plate detectors and mosaics of PIN diodes. This experiment has aimed at searching for fine structures in the total kinetic energy vs. fragment mass (TKE -M) distributions of binary events, and disclosing rare ternary decay modes others than already known from ternary fission. Details of the procedures of data handling are briefly described as well.
INTRODUCTION
In our previous experiments aimed at searching for rare multi-body decays of low excited actinides the method of "missing mass" was used [1] [2] [3] . Evidently, a direct detection of all decay partners is pretty desirable for a reliable identification of unusual reaction channels. In order to solve this problem a setup of high granularity should be used. Such kind of spectrometer installed at the JYFL, (Jyväskylä, Finland) was chosen for studying the reaction 
EXPERIMENTAL SETUP
The experimental setup was assembled as a double arm TOF-E (time-of-flight vs. energy) spectrometer. It includes two arrays of 19 PIN-diodes each (only 32 detectors were under operation till the end of the experiment), two MCP (micro-channel plate)-based start detectors and a target holder ( fig. 1 ). The overall view of the spectrometer is shown in fig. 2 . The size of the individual PIN-diode is 3 x 3 cm 2 , the depth of the depletion zone is about 200 μm. MCP aperture is 30 mm (diameter of the entrance window) and the thickness of the carbon converter foil does not exceed 30 μg/cm 2 . The target holder with two targets (100 μg/cm 2 layer of 238 U evaporated on a 50 μg/cm 2 thick Al 2 O 3 backing) and two gold foils of 1 and 2 μm thickness was installed at the central axis of the reaction chamber. (fig. 3 ). The construction of the target holder permits, by simply rotating it and without opening the reaction chamber, to place a gold foil in front of one of the "start" detectors. The gold foils serve as dispersion media for increasing the probability of detecting two fragments in adjacent PIN's which are flying originally in almost the same direction. Such events were observed in our previous experiments. In the working position the angle between the target and beam direction is 60 o . The beam (FRC= 14.820 MHz what gives ~ 67 ns interval between the bunches) was focused on the target into a spot of 5 mm in diameter.
Altogether, about 40 millions binary fission events were collected. The high statistics has led us to search for the fine structures in the TKE-M distributions. Corresponding procedures and results already obtained for other reactions were published in [4, 5] . Besides binary events, ternary and quaternary coincidences were also detected. The aim of the current analysis is to determine which of the multiple events measured may reveal true multiple decay modes. 
TIME CALIBRATION
Calibration of each time (T) channel consists in determination of two calibration parameters for linear transformation from channel numbers to nanoseconds. The channel width of the time-to-digital converter was determined with a help of an ORTEC462 time calibrator. Determination of the offset (T 0 ) in time scale is a more delicate task. It was achieved using calibration spectra provided by a 252 Cf spontaneous fission source. The basic idea of the procedure used is to find such coefficients of T-calibration for which peak positions in the measured spectra for the velocity and mass Mtt (calculated using fission fragments (FF's) velocities -so called TOF-TOF method) of the 252 Cf (sf) FF's are consistent with those known from the literature [6] . At this stage, the thicknesses of all absorbers (namely MCP foils and target backing) involved are to be precisely defined. As can be inferred from a comparison of the matrices presented in fig. 4 , even thin absorbers can distort the TKE-Mtt distributions if they were ignored in the calculation. We have as well applied another test proven to be very sensitive to the quality of the data. It deals with the manifestation of the proton odd-even effect in the mass yields. It is known that the FF's having an even nuclear charge number feature comparatively high yield. Such fragments give rise to the ridges of the enhanced yields of FF masses dominated by even nuclear charge numbers, in the TKE-Mtt distribution obtained in the frame of the TOF-TOF method [4] . A correct plot shows a regular sequence of vertical ridges in a dedicated TKE-Mtt representation ( fig. 6 ). Cf (sf). Vertical ridges reflect the increased yields of FF masses dominated by even nuclear charge numbers. The initial matrix (unsymmetrized) was processed with applying a second derivative filter, testing simultaneously the symmetry of the mass distribution [5] obtained by the TOF-TOF method. Table 1 summarizes the results obtained at this stage of data processing. 
ENERGY CALIBRATION AND RECONSTRUCTION OF THE FF MASS NUMBERS
One particular problem appearing with using silicon detectors is the necessity of taking the so-called pulse-height defect (PHD) into account. The PHD is commonly defined as a difference between the energies of a heavy ion and of an alpha particle yielding the same pulse height in the detector. The value R of the PHD has a complicated dependence on the mass M and kinetic energy E of the detected ions:
(1) There are two steps in the procedure of deducing correct FF energies. The first one consists in energy calibration using α-lines and precise amplitude generator, the second one aims at taking the PHD into account. Usual equation for conversion of channel number to registered energy of a particle is Submitted to EXON2006 E MeV = (E ch + C ch )*B (2) where E ch is the channel number in which the ion is registered, E MeV is the energy of the ion deposited in the PIN. Both the scaling coefficient B and zero shift value C ch were determined with a help of a high precision pulse generator (BNC PB-5) and natural alphas from 252 Cf (sf) and from a 226 Ra calibration source. We evolved an approach superposing the calculation of both, true energy and TOF-E mass of the fragment. For the relation between the energy E MeV , mass M of the ion and the channel number E ch in which the ion was registered one can write
where R(M, E MeV ) is the PHD for this ion. The scale coefficient B and the zero shift value C ch were defined as described above. For the PHD an empirical description of R(M, E) for silicon detectors proposed in [7] reads as follows:
where λ, φ, σ, β are the parameters. Taking into account that
where mass M and velocity V are expressed in MeV and cm/ns respectively, we can replace E MeV in expressions (3) and (4) according expression (5) . As a result a polynomial equation of 3 rd order for the determination of mass is obtained:
where {X} = {σ, β, λ, φ} is a vector of parameters denoted above. Equation (6) should be solved for calculating the mass of the ion by known values of its velocity V and energy E ch expressed in channels under condition that vector X is also known. Numerical components of vector X suggested in [7] failed to reproduce Mte spectrum of the FF's obtained at our setup for 252 Cf(sf). For finding a proper vector of parameters a special iteration procedure was applied. At first, analytical solution of the expression (6) was obtained. It means that quasimass can be calculated in each event using experimental values of V and E ch , on the one hand, and current value of vector X , on the other hand. Then a spectrum of quasimasses can be collected using sufficient sets of the initial data. Varying the vector of parameters the procedure tries to minimize criterion function ψ:
where <ML> and <MH> are the mean values of light and heavy peaks in experimental spectrum of mass Y(M) while terms marked by index "T" are the same for the spectrum known from the literature. Parameter μ defines a relative weight of the components included in function ψ. Here the averaging for calculation of mean values <ML> and <MH> was done over all PIN diodes. The Mte mass spectra for the FF's from the reaction 238 U+ 4 He are presented in fig.7 . The mean value obtained for the total mass is 231.7 a.m.u. Contrary to our result, the expected value due to the known mean number of emitted neutrons ν tot [9, 10] is around 236 a.m.u. Thus the spectrum of the Mte masses ( fig. 6a ) is presumably shifted to lower masses by approximately 2 a.m.u.. A systematic shift of 400 ps in the TOF reading in each arm of the spectrometer would be sufficient to cause the mass shift observed. A possible reason for the shift in the TOF measurement compared with the calibration using the Cf source could be the bulk of delta electrons emanating from the target during beam bursts. This effect is well known to influence MCP based start detectors. Figure 7 illustrates the correlation between two masses, for events with a multiplicity three of detected fragments. By convention, the fragments in each ternary event have been re-sorted in order of decreasing fragment mass number. Namely, Ma denotes the heaviest mass, Mb the next lighter one, and Mc the lightest mass in the triplet. Only two among the three fragments detected in those events are depicted in the scatter plot of fig. 7a . No additional gating was used. A pronounced vertical line marked by the arrow is suggested to correspond to the deformed magic nucleus 98 Sr. If so, the width of this mass peak ( fig.7b) does not exceed 2.5 a.m.u.. This value is in fair agreement with the energy resolution measured earlier at the mass separator Lohengrin for the PINs used in our experiment [11] . 
POSSIBLE SOURCES OF FALSE EVENTS
As was emphasized above our experiment aimed at searching for rare multi-body decays of the Pu compound nucleus. Due to the geometry of the setup used ( fig. 1 ) only decays with almost collinear kinematics of the decay partners can be studied. Let us analyze the main reasons for events with an experimental multiplicity ≥ 3 (i.e. at least three fragments were detected in coincidence). At first it can be that two binary fission events appear to occur during one beam bunch. The probability of simultaneous registration of four fragments in this case can be estimated using fig. 8 .
The momentum distribution for the FF's from common binary fission is peaked at a momentum of ~ 135 v · amu ( fig. 8a) , while the coordinates of the center of the locus marked by the arrows in fig. 8b are twice as large. Due to this fact random coincidence of two pairs of the FF's in one bunch appear with a probability ~6*10 -6 . If one of four fragments is not registered, the observed triple random coincidences rate has increased probability of up to 2.6*10 -5 . Along with random coincidences inside one bunch such possibility exists also for events in adjacent bunches as can be inferred from fig.9 . Here, the energy measured in the PIN diodes (Ep) is plotted versus the time-of-flight (TOF) in one of the spectrometer arms (1), for events with multiplicity two. The locus of normal binary fission events is marked by number 1. Bearing in mind that each "start" signal opens a time gate of ~ 200ns for event registration two additional beam bunches (2 and 3 in fig.9 ) hit the target during this time. The ratio between the events contained in locus 2 and those in locus 1 is about 1.3*10 -5 . Evidently random coincidences related to the events in loci 2 and 3 can easily be rejected. The next set of points to be discussed is marked by number 4. It is linked with light ions scattered off by the beam particles from the backing material of the target. Locus 5 is of the same origin but is generated in the previous beam bunch. Both, the loci 4 and 5, are responsible for the major part of the random triple coincidences. In the upper part of the loci under discussion a specific set of points, marked by number 6, is worthwhile to note. Alpha-particles from the beam scattered at approximately 90 0 on the target are responsible for this structure. When they penetrate the PIN diodes they deposit only part of their initial energy of ~ 30 MeV due to insufficient depth of the depletion layers. The total yield of events in loci 5 and 6 is about 1.4*10 -4 compared with locus 1. It should be stressed that occasionally locus 6 superimposes on the position of α-particles originating from conventional ternary fission and polar emission. The "tail" marked with 7 is predominantly connected with the fragments being scattered on the diaphragm in front of the PIN diodes. Here, the relative yield is about 3.6*10 -4 . The events in locus 8 are related with pile-up in the energy channel, with a relative probability ~2*10 -5 . Finally, the main proportion of the points marked by number 9 (relative yield is of order 10 -5 ) is due to an incorrect measuring of fragment TOF if more fast ions are knocked out of the backing or converter foil of the MCP detector and hit the same PIN diode as the FF. 
FINAL REMARKS
In summary, our procedure of deducing the FF masses with the time-of-flight spectrometer and using both, the timing and energy information of the PIN diodes, does not need to apply the momentum conservation law for the analysis. Each of the 32 detectors was carefully calibrated with respect to T and E. However, in the TOF analysis the offset T 0 was determined by means of fitting the spectra of calculated quasi-masses (Mtt) and quasi-velocities to those known from the literature. Thus, the plasma delay in the time response of the PIN diodes being included in the value of T 0 is assumed to be the same for all FF's detected in a particular PIN, or, in other words, the difference in plasma delays for light and heavy fragments is ignored. This approximation seems to be of minor influence on the results due to rather long flight paths used in the experiment. A unified parametric procedure was worked out for determining the real fragment energy (i. e., including the PHD) and Mte mass simultaneously. Related parameters were obtained by fitting the spectrum of quasimasses (Mte) to this known from the literature. Thus in both, the T and E channels, just known Mtt and Mte mass spectra insensitive to peculiarities of our set up were used as the standards for calibrations. This is different from the analyses of other experiments, e.g. the approach adopted in [12] .
The results presented in the present article may only give a general idea concerning the quality of the data needed for revealing the multi-body decays of our major interest, and about the complexity of the data analysis. Some methodical refinements which are important for treating the more involved correlations of triple events will be discussed in a forthcoming paper concentrating more on the physical results of the experiment.
